Volumetric muscle loss (VML) injuries present chronic loss of muscle fibers followed by expansive fibrotic tissue deposition. Regenerative medicine therapies are under development to promote regeneration. However, mitigation of the expansive fibrous tissue is required for integration with the remaining muscle. Using a porcine VML model, delayed debridement of injury fibrosis was performed 3 months post-VML and observed for an additional 4 weeks. A second group underwent the initial VML and was observed for 4 weeks, allowing comparison of initial fibrosis formation and debrided groups. The following salient observations were made: (i) debridement neither exacerbated nor ameliorated strength deficits; (ii) debridement results in recurrent fibrotic tissue deposition of a similar magnitude and composition as acute VML injury; and (iii) similarly upregulated transcriptional fibrotic and transcriptional pathways persist 4 weeks after initial VML or delayed debridement. This highlights the need for future studies to investigate adjunctive antifibrotic treatments for the fibrosed musculature.
The typical course of care for open orthopedic injuries presenting VML, such as type IIIB open fracture, involves provisional stabilization, single or serial wound debridement, definitive stabilization, and soft tissue coverage of the fracture. At this early stage in a presumptive contaminated wound, the highly pro-inflammatory tissue milieu 12 is likely too challenging for currently envisioned regenerative medicine therapies to be successful. Delayed surgical scar revision is a reconstructive option which may, at best, permit an improvement in motion. Regenerative implantable biological therapies and devices are under development to restore lost muscle tissue and strength. To date, the average time to treatment of VML injury with a regenerative medicine device is 52 months (range, 7-120 months) across 14 patients. 13, 14 That being said, the surgical approach in these settings included a thorough surgical debridement to establish connectivity of the regenerative medicine implant with viable muscle tissue, an approach likely to encourage a currently undefined secondary inflammatory response that may induce recurrent fibrosis.
The current work was performed to establish a working knowledge of the effect of surgical debridement of a chronic VML injury wound on recurrent tissue fibrosis, intermediate immune responses, and existing functional deficits. This inquiry was performed using a porcine peroneus tertius (PT) VML model, 10, 15, 16 wherein delayed debridement of the injured muscle compartment was performed 3 months postinjury and observed for an additional month after debridement. Additionally, a second group of pigs underwent initial VML injury and were observed out to 1 month postinjury, allowing a comparative analysis of the local wound responses between initial sterile VML injury and delayed debridement. To our knowledge, all VML animal studies but one murine model 17 have immediately repaired the surgical tissue defect, making comparisons of acute and debrided tissue responses particularly informative to the relevance of current animal models of VML.
METHODS

Study design
Female Yorkshire Cross swine (n = 8) were purchased from Midwest Research Swine (Gibbon, MN). Swine were individually housed with access to environmental enrichment, water, and daily feedings. On average, the swine were 40.5 ± 4.6 kg and 3.6 ± 0.1 months of age and considered to be young-adults at the time of surgery. Swine were randomized to one of three groups referred to as: the sham-operated group (n = 2, total observations of bilateral limbs n = 4); the debridement group (n = 3); and the acute group (n = 3). The sham-operated group served as growth controls across the study. The debridement group underwent VML injury in the PT muscle, surgical debridement 12 weeks later, and then was observed for an additional 4 weeks out to a total of 16 weeks postinjury. The acute group also underwent PT muscle VML injury and was followed to 4 weeks postinjury. All swine underwent presurgical and postsurgical neuromuscular functional testing and computed tomography (CT) imaging. Histology and a wound healing gene expression was performed on tissues collected at the terminal time point for each group (i.e., the sham-operated group = 4 and 16; the debridement group = 16; and the acute group = 4 weeks postinjury). The study design is depicted in Table 1 . All protocols and animal care guidelines were approved by the Institutional Animal Care and Use Committee at the United States Army Institute of Surgical Research, in compliance with the Animal Welfare Act, the Implementing Animal Welfare Regulations, and in accordance with the principles of the Guide for the Care and Use of Laboratory Animals. 
CT, computed tomography; PCR, polymerase chain reaction; VML, volumetric muscle loss
Surgical procedures
All surgical procedures were conducted while the swine were anesthetized with Telazol (4-6 mg/kg i.m.), intubated, and maintained under isoflurane anesthesia and under the appropriate aseptic conditions. Post-VML and debridement surgery analgesic administration of Buprenorphine SR (0.01 mg/kg, s.c.), Rimadyl (4.4 mg/kg, s.c.), and Excede (5.0 mg/kg, s.c.) were conducted through 1 week postsurgically. No adverse events were noted in any of the surgical groups.
As previously described, 10,15,16 a VML injury was surgically created by sharp removal of a 3 × 3 cm 2 area of muscle from the middle third of the PT muscle (5.27 ± 0.09 g). Sham operated limbs were surgically exposed and the PT muscle was isolated, but no tissue was removed. In the debridement group 3 months following the initial VML injury, the muscle unit was exposed for debridement of the fibrotic deposition (Figure 1a-d) . The original skin incision was re-incised and underlying fascia incised in line with the skin incision. The fascial layers were sharply elevated and debulked to remove adherent fascial tissue scarred to the remaining muscle. The fibrosis that filled the VML area was then sharply debrided proximally, distally, and ventrally to grossly normal muscle. Any bleeding was controlled by light pressure. In all cases, the incision was closed in the same fashion, specifically the fascia and skin were closed in layers with interrupted absorbable suture, and compressive bandages were wrapped around each limb.
Computed tomography imaging
Standard imaging studies of the lower limbs were conducted using a Toshiba 160 slice CT and the 0.5-mm thick slices were taken prior to in vivo function testing presurgically, at 4, 12 (predebridement and postdebridement), and 16 weeks post-VML as appropriate. The volume of the anterior compartment was analyzed from the coronal 2D images and then reconstructed into a 3D model (Vitrea Vital Medical Imaging Software). Volume measurements were normalized to body mass.
Neuromuscular strength testing
As previously described, 10, 18 the strength of the dorsiflexor muscles of the anterior compartment was assessed by subdermal stimulation of the peroneal nerve using needle electrodes over a range of joint angles (0°-50°). Maximal isometric tetanic torque was elicited using 100 Hz, 0.1 ms pulse, over 800 ms (Grass S88 stimulator and 890A Aurora www.cts-journal.com 
Histological analyses
Muscle samples from the PT muscle were excised using an 8 mm biopsy punch through the full thickness of the muscle, following the terminal functional assessment. Muscle sections were frozen in melting isopentane and stored at -80°C until processing and analysis. Sections were processed using standard histologic procedures, with each section being cross-sectioned at 8 μm and stained using hematoxylin and eosin and Masson's trichrome. Additionally, portions of the fibrotic deposition overlying the PT muscle were collected both at the time of debridement and terminally. The samples were then stored in 10% formalin for pathological processing and staining of hematoxylin and eosin and Masson's trichrome. Bright field images were acquired with a Zeiss Axio Scan.Z1 (Carl Zeiss Microscopy, Thornwood, NY) and composite images were saved separately as 24-bit, 96 dpi color images. For display purposes only, images were produced in Adobe Photoshop (Adobe Systems, San Jose, CA) by down-converting, without introducing any changes in brightness or contrast. Independent investigation of the skeletal muscle and fibrotic tissue was conducted by a board certified veterinary pathologist blinded to the experimental group. Evaluations quantified spindle cells and connective tissue matrix in the fibrotic deposition.
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During all imaging and investigation, investigators were blinded to the experimental group.
Gene expression
Biopsied tissue from the VML defect or midbelly of the PT muscle (the sham-operated group) was immediately placed in TRIzol and snap frozen in liquid nitrogen. RNA was isolated from the homogenized tissue using the TRIzol method. RNA samples were transcribed into cDNA and used for porcinespecific array analysis in the RT 2 Profiler polymerase chain reaction (PCR) array for wound healing (Catalog #PASS-121Z; SABiosciences, Frederick, MD) per the manufacturer's instructions. The raw fluorescence data were processed with glyceraldehyde 3-phosphate dehydrogenase serving as the endogenous controls through geometric averaging. 19, 20 Expression (n = 3 per group) of each target gene was calculated relative to samples from the sham-operated group.
Statistical analyses
All data were analyzed using Prism 6 for Mac OSX (Graphpad, La Jolla, CA). Sample sizes of at least three per experimental group were determined prior to the study to allow for the detection of a 33% increase in muscle torque production at power (1-ß) of 0.80 and α of 0.05, with a shared SD of 0.025 Nm/kg. For all data, normal distribution was assumed and analysis was conducted using parametric tests. Dependent variables for CT, histology, and neuromuscular strength were analyzed separately using a variety of analyses of variance (ANOVA; one-way and two-way; group by time) and, when appropriate, Tukey HSD post-hoc analysis was performed.
The P values for these dependent variables were considered statistically significant at the α < 0.05 level. The PCR array data were compared between designated groups using the Student's t test; the unadjusted P values are listed in Table 2 . Notation of significance following Bonferroni correction for multiple comparisons within each gene functional group were conducted and threshold α levels for each functional group are listed and noted in Table 2 . Data are reported as mean ± SE.
RESULTS
Prior to the study, all animals were considered healthy and had no limb or mobility impairments. Following the initial surgery and subsequent debridement, all animals (the shamoperated group, n = 4; the debridement group, n = 3; and the acute group, n = 3) recovered promptly and within 24 hours displayed normal mobility and cage activity. Additionally, no adverse events occurred for the duration of the study.
Computed tomography
The anterior compartment underwent surgical debridement of fibrous tissue that formed along the superficial surface of the injured musculature 12 weeks postinjury (Figure 1a-d) . Longitudinal CT imaging of the lower limb anterior muscle compartment was performed to delineate volumetric changes in response to VML and surgical debridement (Figure 1e) . In response to VML injury, the anterior compartment tended to increase (P = 0.097) 4 weeks postinjury but was equivalent to the sham-operated group values by 12 weeks postinjury (P = 0.797). Immediately following debridement at 12 weeks postinjury, the anterior compartment volume was reduced by 19.8 ± 3.2 mL (P = 0.024), which corresponded with the 18.5 ± 2.2 mL of tissue surgically removed, through conversion of grams to mL using a tissue density of 1.50 g/cm 3 . 21 Four weeks following debridement (i.e., 16 weeks postinjury), the anterior compartment volume increased significantly compared with the volume measured immediately after debridement and was significantly increased compared with the sham-operated pigs 16 weeks postinjury (P = 0.039). The magnitude of tissue bulking observed at 4 weeks after VML injury and 4 weeks after debridement were similar (P = 0.525).
Histology
Qualitative histological assessment of the VML injured muscles demonstrated similar gross fibrous tissue deposition 4 weeks after VML injury and 4 weeks after debridement (Figure 2a) . For each condition, pathologic analysis of the fibrous tissue was performed by scoring the elements of the connective tissue for maturity (Figure 2b ). Spindle cells were quantified per high-powered field and in both the acute and debridement groups there was a similar abundance of spindle cells (P = 0.999), which is indicative of relatively immature connective tissue. The trabecular meshwork of the connective tissue matrix was assessed on scale of maturity (1 ࣙ 75% to 4 ࣘ 25% maturity), which indicated that in both the acute and debridement groups the fibrotic tissue covering the PT muscle was relatively immature (P = 0.117).
Neuromuscular strength
Repeated strength measurements were performed to assess the impact of VML injury and subsequent debridement on functional loss (Figure 3) . VML injury resulted in a significant functional deficit compared with the sham-operated limbs across all time points assessed (Figure 3a ; ANOVA: group P = 0.001; time P = 0.700; and interaction P = 0.655). Functional deficits were similar 4 weeks after VML injury and 4 weeks after debridement (16 weeks postinjury). Similar values at 4 weeks after VML injury and 4 weeks after debridement were also observed when isometric torque was normalized to the anterior compartment volume measure with CT, an index of the functional quality of the musculature (Figure 3b ; ANOVA: group P = 0.021; time P = 0.672; and interaction P = 0.711).
Gene expression
A wound healing PCR array was used to analyze the transcriptional muscle response to the VML injury at 4 weeks postinjury and 4 weeks after debridement of the VML-injured muscle (16 weeks postinjury; Table 2 and Figure 4) . The transcriptional responses of 81 genes related to fibrosis and inflammation of each group was normalized to that of the sham-operated controls. Four weeks after VML injury, 68 of the 81 genes analyzed were significantly upregulated (43 of 81 genes were upregulated following multiple comparison correction; see Table 2 ), broadly indicating prolonged inflammation and production of fibrotic tissue. Four weeks after debridement of the VML-injured muscle, 45 of the 81 genes analyzed were also significantly upregulated (2 of 81 genes www.cts-journal.com were upregulated following multiple comparison correction; see Table 2 ). Expression of all genes analyzed was similar between the acutely injured muscle and the injured and debrided muscle groups ( Table 2) .
Clinical and Translational Science
DISCUSSION
Current surgical repair of VML injuries with regenerative medicine therapies occurs after fibrous tissue has already enveloped the traumatized muscle compartment. 13, 14 The extensive accumulation of fibrous tissue that forms acutely after VML injury is expected to interfere with neural, trophic, vascular, and mechanical integration of regenerative implants with the remaining functional muscle fibers. Surgical debridement of overlaying fibrous tissue has, therefore, been described for preparation of the VML-injured muscle to receive a regenerative medicine implant. That being said, the impact of surgical mitigation of the overlying fibrous tissue on the existing pathophysiology of VML injury is unknown, as discussed in a recent clinical report that performed surgical debridement of the VML injury prior to implantation of a regenerative medicine device. 13 To that end, the most salient findings of this study are: (i) that debridement 3 months after initial VML injury provoked recurrent fibrous tissue formation, www.cts-journal.com which seemed to still be an active process 4 weeks later, as a host of genes encoding extracellular matrix proteins, matrix remodeling enzymes, growth factors related to fibroblast proliferation, and innate and adaptive immune responses were upregulated ( Table 2) ; (ii) the debridement neither exacerbated nor ameliorated isometric strength deficits (Figure 3) . These findings indicate that surgical debridement of fibrous tissue overlaying a VML injury does not unduly worsen the functional capacity of the already weak musculature, but does upregulate inflammatory and fibrotic transcriptional pathways for at least 1 month after surgery.
The similar inflammatory and fibrogenic responses observed 4 weeks after VML injury or 4 weeks after debridement of chronic VML-injured tissue highlights the need to consider antifibrotic therapies throughout the continuum of care. By definition, VML injury involves a traumatic loss of skeletal muscle tissue, which reduces isometric and isokinetic strength. 1, 11, 13, 14 The overwhelming focus of current VMLrelated research has been on regenerating the lost musculature. However, existing clinical data of VML injury also exhibit significant wound heterogeneity that universally promotes fibrous tissue accretion that is accompanied by a loss of active range of motion. 1, 11, 13, 14 The concerns of the overwhelming fibrogenic response following VML injury are not just related to the deposition of fibrous material and its physical restriction of joint range of motion or impedance of regenerative implant host integration, but perhaps more subtly the pathogenic damping of myogenic responses required for regeneration, repair, and maintenance of the remaining musculature. The extensive fibrous tissue deposition (Figure 2 ) and prolonged upregulation of genes associated with Wnt and transforming growth factor-beta (TGF-β), signaling a host of inflammatory cytokines and chemokines, and extracellular matrix-related proteins observed in either VML injury condition (Figure 4, Table 2 ) resembles the pathogenic response observed in Duchenne muscular dystrophy. 22, 23 In this condition, fibrous tissue accrues within the muscle as regenerative potential declines. Notably, coordinated Wnt-TGF-β signaling seems to induce fibrogenic activity specifically in muscle stem cells (e.g., satellite cells). 24 Relatedly, the pathogenic milieu in dystrophic muscle driven by TGF-β signaling has also been shown to induce fibrogenic plasticity in multiple progenitor cells within skeletal muscle, which diminishes the regenerative capacity of the musculature that facilitates progressive muscle degeneration. 25 Although not empirically tested, a retrospective analysis of disability rating in VML-injured service members indicated greater disability as a function of time postinjury, suggesting progressive deterioration of limb function. 2 Collectively, it is clear that the fibrogenic response after VML injury can directly impair limb function and likely impedes regenerative efforts (endogenous and therapeutic), and, as such, requires therapeutic consideration.
The use of pharmacological inhibitors of fibrosis is an apparent important inclusion in the paradigm of care for VML injuries. The current data highlight numerous targets to explore, such as connective tissue growth factor (CTGF), TGF-β, fibroblast growth factor (FGF), or Wnt5a, to attenuate the gross fibrogenic response. These targets are broadly implicated in fibrotic pathogenesis in multiple organs and tissues, including skeletal muscle, and each have currently US Food and Drug Administration approved or ongoing clinical trials to attenuate fibrosis in various conditions, such as idiopathic pulmonary fibrosis and Duchenne muscular dystrophy. [26] [27] [28] However, manipulating the balance between fibrogenic and myogenic responses may be complicated by shared pathways that induce competing effects. For example, overexpression of Wnt5a can induce fibroblast proliferation and extracellular matrix protein secretion leading to cardiac and presumably skeletal muscle, fibrosis 29 ; however, Wnt5a signaling also promotes satellite cell proliferation, a key event in adult skeletal muscle regeneration. 30 There seem to be multiple therapeutic opportunities to Clinical and Translational Science Figure 3 Skeletal muscle strength deficits after volumetric muscle loss (VML) injury are not compounded by debridement. In vivo isometric torque was measured at the times specified in response to maximal peroneal nerve stimulation. (a) Absolute torque deficits and (b) torque normalized to anterior compartment volume, an index of functional quality, were calculated as a percentage of pre-VML torque. Values are means ± SE; *VML (acute and debridement groups); ࣔ the sham-operated group at all times postinjury; P < 0.05.
Figure 4
Wound healing polymerase chain reaction array analysis presents upregulation of fibrotic and inflammatory transcriptional pathways after acutely after volumetric muscle loss injury and delayed debridement. Gene expression fold changes relative to the shamoperated controls and related P values are presented. The dotted horizontal and longitudinal axes indicate the lower thresholds for statistical (P < 0.05) and biological significance (twofold change) of expression. use antifibrotic therapies following VML injury. For example, administration acutely after injury may prevent the initial development of compartmental fibrosis and ensuing myofasciocutaneous tethering that is associated with loss of active joint range of motion following VML injury.
11 Adjunct administration with regenerative therapies may also be beneficial by inhibiting fibrogenic plasticity of myogenic progenitors and thereby enhancing the capacity of the host musculature to support the regenerative implant. 15 In particular, regenerative medicine approaches using autologous minced muscle grafts 10 with adjunctive antifibrotic treatments may prove beneficial in balancing the fibrotic and myogenic response and should be investigated in future studies. Given the high prevalence of debilitating muscle conditions (e.g., VML injury) among orthopedic trauma patients, 1, 31, 32 it is intriguing to propose a predebridement and postdebridement pharmacological antifibrotic regimen in conjunction with physical rehabilitation that effectively surgically releases the functional musculature, prevents recurrent fibrosis, and thereby partially restores joint range of motion and limb function. Surgically this approach bears similarity to open quadriceps release to ameliorate post-traumatic knee stiffness due to extra-articular fibrosis, 33 and may represent a means to treat massive VML injuries for which regenerative medicine therapies are not yet equipped to treat. 14 The discrepancy in timing of VML injury repair in human patients and animal studies questions the clinical relevance of current animal models. Specifically, clinical repair of VML injury has occurred in a delayed setting following debridement, 13, 14 whereas all but one 17 animal study www.cts-journal.com has used immediate VML injury repair. Wound exudate from severely traumatized limbs presents extraordinarily high concentrations of pro-inflammatory cytokines acutely after injury and debridement, 12 which is likely driven by initial wound contamination as well as extensive tissue injury. Current animal VML models are sterile and, therefore, these models do not likely mirror the sheer magnitude or composition of immune responses observed clinically. That being said, VML animal models do present chronic functional deficits secondary to a permanent loss of muscle fibers, [34] [35] [36] which have also been shown to impair endogenously healing and rhBMP-2 mediated fracture healing, 8, 37, 38 in manner akin to type III open fracture. Therapeutic interventions that attenuate local VML-induced inflammation have also been shown to improve musculoskeletal healing, 39, 40 indicating that the immune response elicited by sterile VML injury challenges muscle and skeletal regeneration. Notably, the current study demonstrates a similar wound healing transcriptional response and fibrous tissue formation following VML injury of pristine musculature or debridement of VML-injured musculature, indicating that surgical trauma in the absence of infection is consistent in each condition. In this regard, the current study bolsters the clinical relevance of acute sterile VML models to mimic the wound healing environment following delayed debridement of fibrosed musculature, the most likely scenario for clinical intervention.
The current study describes the wound healing response following acute VML injury and delayed debridement. In both conditions, a similar transcriptional fibrotic and inflammatory response marked by expansive fibrotic tissue accretion was observed. Molecular targets shared among conditions of fibrotic pathogenesis (e.g., CTGF, TGF-β, FGF, and Wnt) are also implicated in VML injury. Notably, functional outcomes were not unduly worsened due to the potential removal of viable muscle fibers during debridement 41 or the re-ignition of exacerbated immune responses within the VML-injured tissue, 8, 9 which are likely inhospitable to muscle regeneration. 42 That being said, debridement did not promote functional improvements, potentially due to rapid recurrent fibrosis. These data provide important information regarding the inclusion of antifibrotic therapies to the treatment paradigm of VML injury.
